Regional changes of brain tissue pH and its correlation to energy metabolism were studied in various degrees of incomplete ischemia for 5 and 60 min in the unilateral common carotid occlusion of normally fed mongolian gerbils. The degree of ischemia was evaluated by the severity of neurological deficits following 60 min of occlusion, and animals were divided into three groups: symptomatic, borderline, and asymptomatic. Changes of NADH and ATP distribution corresponded well to the degree of ischemia. On the other hand, acidosis devel oped more clearly and extended in wider areas than the The brain is highly dependent on a continuous supply of glucose and oxygen to maintain neuronal function. Thus, the brain tissue is vulnerable to ischemia for lack of energy substrate and oxygen. Although it is evident that permanent breakdown of energy metabolism following ischemia causes irre versible brain tissue damage, energy failure during ischemia does not always result in permanent damage. Experimental studies have demonstrated a better recovery of energy metabolism (Hossmann and Kleihues, 1973; Nordstrom and Siesjo, 1978; Rehncrona et aI., 1980) following complete than in complete ischemia in spite of a similar perturbation of brain energy state. Thus, it seems clear that en ergy failure during ischemia is not a limiting factor for the functional and the structural damage during the postischemic reperfusion period. Instead, other possible factors such as formation of free radicals (Flamm et aI. , 1978), accumulation of free fatty acids (Bazan, 1970) , and postischemic hypoperfu sion (Paschen et aI. , 1983) have been discussed.
changes of NADH and ATP distribution. These changes were already seen at 5 min of occlusion. From the results of this experiment, it was suspected that acidosis in mild incomplete ischemia was due to stimulated anaerobic gly colysis that might supplement NADH oxidation and ATP yields. Further, acidosis without energy failure was con sidered not to be detrimental to neuronal cells. Key Words: Acidosis-Anaerobic glycolysis-Energy me tabolism-Gerbil brain-Incomplete ischemia-To po graphical study. lactic acidosis following severe incomplete ischemia as an important factor of irreversible brain tissue damage (Rehncrona et aI. , 1980 (Rehncrona et aI. , , 1981 Kalimo et aI. , 1981; Plum et aI. , 1983) . However, development of lactic acidosis and its correlation to the changes of energy state in mild incomplete ischemia, which is not detrimental enough to cause irreversible cell damage, have not been well discussed (Ginsberg et a\. , 1983) . In the present study, we have investi gated regional changes of brain tissue pH in various degrees of incomplete ischemia correlating with re gional changes of energy metabolism in normally fed mongolian gerbils following acute unilateral oc clusion of the common carotid. Regional changes of brain tissue pH were measured semiquantita tively using the umbelliferone technique (Fink and Koehler, 1970; Sundt et a\. , 1978; Welsh et aI. , 1982; Csiba et a\. , 1983) . Regional changes of the redox state of brain tissue were assessed using NADH fluorescence histochemistry (Welsh and Rieder, 1978) , and regional changes of ATP using the luci ferine luciferase bioluminescent method (Kogure and Alonso, 1978) .
MATERIALS AND METHODS
Forty-six mongolian gerbils of either sex, weighing 50-80 g, were used in this study. The animals were allowed FIG. 1. Ultraviolet light reflectance (UV), regional NADH fluorescence (NADH), regional ATP content (ATP), and regional tissue pH (pH) in a symptomatic gerbil after 60 min of occlusion of the left common carotid artery. UV and NADH of the sectioned frozen brain were illuminated with ultraviolet light. ATP was assessed in a fixed 16-f.lm brain section using the luciferine luciferase bioluminescent method. pH was assessed in a 16-f.lm brain section using the umbelliferone technique. L, left; R, right.
food pellets and tap water until operation. The left common carotid artery was ligated under light anesthesia with ether. Thirty-three gerbils were subjected to 60 min of occlusion. They were observed after recovery from anesthesia for 30 min, and divided into three groups ac cording to the clinical symptoms that they exhibited. (a) Symptomatic gerbils were defined as those that revealed continuous neurological deficits including various de grees of coma, right hemiparesis, circling movements, convulsions, and rolling fits as described by Kahn (1972) . (b) Borderline gerbils were defined as those that revealed transient mild symptoms such as circling-like move ments, splaying, and inactivity, which disappeared within 30 min. (c) Asymptomatic gerbils were defined as animals that had no neurological deficits during observation.
After 60 min of carotid occlusion, the brain was frozen in situ with liquid nitrogen under light ether anesthesia. In 13 gerbils, the brain was frozen after 5 min of occlusion without observation of clinical symptoms.
The frozen brain was sectioned with an electric saw and placed into liquid nitrogen bath. Regional NADH flu orescence was recorded photographically on Kodak tech nical pan film 2415 illuminated with 366-nm excitation ultraviolet light. The exposure time for photographs was 8 s at f/16. The ultraviolet reflectance was also recorded for demonstrating macroscopic anatomy. The ATP distri bution was observed in consecutive thin brain sections (sliced at 16-J.1 m thickness with a cryostat) using the lu ciferine luciferase bioluminescent method. Frozen luci ferine luciferase solution was sliced at 60 J.1 m and layered on the fixed brain slice. An image of ATP fluorescence was recorded by direct contact of the layered on Kodak tri-X pan film (ASA 400) for 10 s. The regional brain tissue pH was measured using the modified umbelliferone method (Welsh et aI., 1982; Csiba et aI., 1983) . Frozen thin brain sections (16 J.1 m) were layered at -15°C onto strips of cellulose acetate (Macherey Nagel GmbH Co. KG, Duren, ER.G.) impregnated with umbelliferone (Tokyo Kasei Kogyo Co" To kyo, Japan). Impregnation was achieved by immersing strips of cellulose acetate in 0.5% (vol/wt) umbelliferone for 1 min and subsequent air drying at room temperature. Concentration and homo geneity of impregnated umbelliferone were confirmed by recording the 366-nm ultraviolet reflectance of cellulose acetate strips photographically. The layers were illumi nated with 366-nm ultraviolet light provided by a 200-W mercury arc lamp (HBO 100W/2; Carl Zeiss, D-7082 Ob erkochen, ER.G.) and Corning filter 5840 immediately after melting at room temperature. The constant intensity of the ultraviolet light was achieved by a voltage stabil izer. The fluorescent image at 450 nm was recorded pho tographically on Kodak technical pan film 2451 with I-s exposure at f/16 through Corning filters 3389 and 5562. With 0.5% (vol/wt) umbelliferone, the fluorescence in ten-
FIG. 2.
Histochemistry of ultraviolet light reflectance (UV), regional NADH reflectance (NADH), regional ATP content (ATP), and regional tissue pH (pH) in a borderline gerbil after 60 min of occlusion of the left common carotid artery. L, left; R, right. sity of brain sections changed in proportion to tissue thicknesses of 5 and 20 !-Lm. Unspecific fluorescence of brain tissue was recorded without umbelliferone, and was negligible under the present photographic conditions. The standard for a semiquantitative application of this tech nique was determined using frozen sections of known pH solutions (0.1 M phosphate buffer at pH 6, 6.4, 6.6, 6.8, 7.0, 7.2, 7.4, and 7.6) mixed with 2% gelatin. Without subtraction using 340-nm excitation (Csiba et aI., 1983) . the water content influences the intensity of the umbel liferone fluorescence. Thus, the frozen solutions were sliced at 13 !-Lm with the assumption that a ratio of the water content of brain cortex was -8 1% (Pappius, 1967) . The fluorescent image was recorded in the same manner.
RESULTS

Sixty minutes of ischemia
Among 33 gerbils subjected to 60 min of isch emia, 15 were symptomatic, 9 were borderline, and 9 were asymptomatic.
In the symptomatic group (Fig. I) , the intensity of NADH fluorescence was markedly and homo geneously increased in the ipsilateral temporal cortex, lateral parietal cortex, occipital cortex, cau date nucleus, hippocampus, thalamus, hypothal amus, and dorsal midbrain in all cases (Kim et aI. , 1984) . In 3 of 15 symptomatic gerbils, NADH flu- 1985 orescence was increased also in the ipsilateral and contralateral medial parietal cortex. The extent of increased NADH fluorescence was 55-103% of the cross-sectional hemisphere (68% in Fig. 1 ) mea sured by manual planimetry. ATP was markedly de pressed in areas corresponding to increased NADH. Tissue pH was depressed to <6.4 homo geneously with a sharp demarcation in all cases. The acidotic area extended not only to the same area as changes of N ADH and ATP distribution, but to additional marginal zones where no or minimal changes of NADH and ATP distribution occurred. The extent of the acidic area was 70-113% of the hemisphere (76% in Fig. 1) . The ratio of the acidotic area to the increased NADH area was 103-114% (113% in Fig. I) . The pH of the contralateral non ischemic hemisphere was -7.0-7.2; that of CSF was higher than that of brain tissue. These values were consistent with those from other reports (Waddell and Bates, 1969; Csiba et aI. , 1983) .
In the borderline group (Fig. 2) , NADH fluores cence was increased mildly and inhomogeneously. In seven of nine cases, distribution of NADH flu orescence was almost the same as in the symptom atic group, but the area was smaller because of its FIG. 3. Histochemistry of ultraviolet light reflectance (UV), regional NADH fluorescence (NADH), regional ATP content (ATP), and regional tissue pH (pH) in an asymptomatic gerbil after 60 min of occlusion of the left common carotid artery. L, left; R, right.
heterogeneity. In two of nine cases, the increased NADH was limited in a part of the caudate nucleus, hippocampus, and parietal cortex. The decrease of ATP was smaller than the NADH distribution and inhomogeneous.
On the other hand, the pH was depressed ho mogeneously in the area corresponding to the het erogeneously increased NADH fluorescence. Thus, the area was larger than that of the increase of NADH. The degree of acidosis was same as in the symptomatic group.
In the asymptomatic group (Fig. 3) , no or a min imal increase of NADH was noted and ATP was not decreased. Brain tissue pH was not depressed.
Five minutes of ischemia
In 6 of 13 gerbils, a marked increase of NADH was noted, the same as in the symptomatic group of the 60-min ischemia. ATP and pH were already depleted in the same fashion as in the 60-min isch emia group (Fig. 4) . The ratio of acidotic to in creased NADH areas was 117-148% (148% in Fig. 4) .
In three gerbils, a mild and heterogeneous in-crease of NADH was noted, as in the borderline group. Although the decrease of ATP was milder than in the borderline group of the 60-min ischemia, the depression of the pH was distinct and homo geneous (Fig. 5) . Thus, the discrepancy of the de gree and distribution between acidosis and changes of energy metabolism was more evident in the 5min occlusion than in the 60-min one in the border line group. In four gerbils, no change of NADH, ATP, or pH was noted.
In both 60 and 5 min of ischemia, anatomical specificity such as histological selective vulnera bility of hippocampus and striatum was not ob served in relation to the topographical changes of NADH, ATP, and pH.
DISCUSSION
Regional differences of energy metabolism are important in the pathophysiology of cerebral isch emia. The recent development of histochemical methods for demonstrating the regional distribution of NADH (Welsh and Rieder, 1978) and ATP (Ko-FIG. 4. Histochemistry of ultraviolet light reflectance (UV), regional NADH fluorescence (NADH), regional ATP content (ATP), and regional tissue pH (pH) in a gerbil corresponding to the symptomatic group following 5 min of ischemia. L, left; R, right.
gure and Alonso, 1978) enable us to study the mac roscopic regional changes of energy metabolism.
In the unilateral carotid ligation of mongolian ger bils, our study showed that the severity of neuro logical deficits corresponded well with NADH and ATP distribution (Ishikawa et al. , 1984; Kim et al. , 1984) . Paschen et al. (1981) demonstrated that there was sharp demarcation between regions with normal and extremely low levels of ATP following acute middle cerebral artery occlusion in the cat. In gerbils of the symptomatic group, a relatively clear demarcation of NADH and ATP distribution was also noted. However, in gerbils of the borderline group, the areas of energy metabolism failure were rather heterogeneous with poor demarcation. The results indicate that there might be uneven changes between the redox state and ATP yield caused by anaerobic glycolysis in mild incomplete ischemia.
The most interesting finding of the present ex periment was that acidosis developed more homo geneously by the sharp demarcation and extended in larger areas than the changes of energy state demonstrated by NADH and ATP histochemistry. Csiba et al. (1983) have also demonstrated the sharp J Cereb Blood Flow Metabol, Vol. 5, No.3, /985 demarcation between ischemic and nonischemic tissue. It might be due to the lower threshold for acidosis than for energy failure, and the sharp de marcation suggests grossly separated main vascular territory. In the symptomatic group, acidosis de veloped in the same focal ischemic area a" the NADH and ATP distribution. In addition, acidosis extended to the ischemic perifocal area where no or minimal changes of NADH distribution were demonstrated. In the borderline group, the acidotic area was distinct and homogeneous, although the changes of energy state were mild and inhomoge neous.
It is generally accepted that the dominating cause of tissue acidosis during ischemia is the production and accumulation of lactate (Siesj6, 1978) . Stimu lated glycolysis during ischemia (Lowry and Pas sonneau, 1964; Nilsson et aI., 1975) facilitates lac tate accumulation. Thus, from these results, it could be speculated that there were at least three different patterns of energy state in the present model of experimental ischemia. First, severely im paired oxidative phosphorylation due to the abso lute lack of oxygen supply leads to an increase of FIG. 5. Histochemistry of ultraviolet light reflectance (UV), regional NADH fluorescence (NADH), regional ATP content (ATP), and regional tissue pH (pH) in a gerbil corresponding to the borderline group following 5 min of ischemia. L, left; R, right.
NADH and depletion of ATP. Anaerobic glycolysis and continuous supply of substrate may increase lactate accumulation. However it is not able to sup plement NADH oxidation and ATP production. This condition was noted in the focal ischemic area in the symptomatic group. Second, anaerobic gly colysis may fairly supplement oxidative phosphor ylation, which leads to mild changes of energy state as shown in the borderline group. On the other hand, a relatively abundant supply of substrates during ischemic insult and stimulated anaerobic gly colysis cause a severe and homogeneous develop ment of lactic acidosis. Third, ischemia is milder, so that anaerobic glycolysis is able to complete the NADH oxidation and ATP yield. This condition was seen in areas where only acidosis without changes of NADH and ATP distribution was noted. Although CO2 and H+ retention resulting from the decrease of their removal by the blood flow also contributes to acidosis in the first condition, the main cause of acidosis in the second condition may be due to lactic acidosis. Kogure et al. (1977) have demonstrated that increased glycolysis and acidosis developed in normocapnic mild hypoxemia without a rise in the lactate/pyruvate and NADH/NAD+ ra-tios. This phenomenon was postulated to correlate to nonanaerobic metabolism with unknown factors. Acidosis in the third condition of the present ex periment could contribute to these factors. Some studies have indicated the findings of lactate accu mulation in the absence of energy failure in exper imental oligemia using biochemical assays com bined with NADH fluorescence histochemistry (Welsh et aI. , 1977; Ginsberg et aI. , 1983) . The aci dotic area with mild or no change of NADH and ATP distribution in our experiment might corre spond to their findings.
Early acidotic changes of extracellular pH in mild ischemia have been reported using microelectrodes (Astrup et ai. , 1977; Harris and Symon, 1984) . Harris and Symon have suggested that intracellular pH would be better protected from acidotic shift than extracellular pH by physicochemical buffering during partial ischemia (before any major ion change). The present method for pH measurement indicates brain tissue pH and does not differentiate between intra-and extracellular compartments. However, our results suggest an intracellular aci dotic shift. If intracellular pH stayed at its normal value (pH 7. 0) in acidotic areas, then assuming an extracellular space of 15%, a blood volume of 3%, and a blood pH of 7.4 and brain tissue pH of 6.6, the calculated extracellular pH should be 5. 95, which is excessive. Thus, it was suspected that in tracellular acidosis might develop concomitantly with extracellular acidosis in the acidotic area with mild or no changes of NADH and ATP distribution, as demonstrated in the present topographical study. Astrup et al. (1977) have demonstrated that the ischemic threshold for K + release was below that for complete electrical failure, which was a concept of the ischemic penumbra. They suggested close correlation of electrical failure with changes of neu rotransmitters rather than tissue acidosis. Although physiological parameters such as regional CBF, EEG, cortical evoked potentials, and changes of electrolytes were not measured in our experiments, it was suspected that the acidotic area without en ergy failure might not correspond strictly to the ischemic penumbra from the results of Astrup et al. It should be stressed that a regional difference be tween energy state and acidosis was present in both focal and perifocal ischemic areas. Since an earlier study of our laboratory (Ahagon et aI. , 1980) has demonstrated that histological irreversible cell damage following unilateral carotid occlusion in mongolian gerbils was limited to the ipsilateral hip pocampus in most cases of the borderline up, it could be concluded that acidosis with no or mild impairment of oxidative phosphorylation was not harmful enough to cause irreversible cell damage. The results of the present study support the sug gestion that acidosis is detrimental only if it occurs in conjunction with energy failure (Rehncrona et aI. , 1980 (Rehncrona et aI. , , 1981 .
